We study systematically VEVs of a gauge scalar field Σ in bulk U (1) vector multiplet and scalar fields in brane/bulk hypermultiplets charged under the U (1) in the 5D S 1 /Z 2 orbifold model with generic FI terms. A non-trivial VEV of Σ generates bulk mass terms for U (1) charged fields and their zero-modes have non-trivial profiles. In particular, in the SUSY breaking case, bosonic and fermionic zero modes have Gaussian profiles. Such non-trivial profiles are useful to explain hierarchical couplings. A toy model for SUSY breaking is studied and that results in the sizable D-term contributions to scalar masses. Because the overall magnitude of D-term contributions are same everywhere in bulk and also on both branes, we have to take into account these contributions and other SUSY breaking terms for a realistic scenario to explain Yukawa hierarchy. We also give profiles and mass eigenvalues of higher modes.
Introduction
Several years ago, 4D N = 1 supersymmetric models with an anomalous U(1) gauge symmetry and non-vanishing Fayet-Iliopuolos (FI) D-term have been studied intensively, and many phenomenologically interesting aspects have been obtained. Such anomalous U(1) gauge symmetries, in general, appear in 4D string models [1, 2, 3] . Its anomaly can be cancelled by the 4D Green-Schwarz mechanism. For example, in weakly coupled 4D heterotic string models, the 4D dilaton field S is required to transform non-trivially at one-loop level,
under the U(1) transformation with the transformation parameter Λ X , where the GreenSchwarz coefficient is assigned as δ GS = trQ X /(48π 2 ). Then, the FI term ξ is induced by the vacuum expectation value (VEV) of the dilaton field S,
where M P is the (4D) Planck scale and K ′ (S +S) is the first derivative of Kähler potential of the dilaton field. At the tree level, we have K(S +S) = − ln(S +S), and the VEV of the dilaton field provides with the 4D gauge coupling g 2 4 = 1/ ReS . The FI-term is suppressed by one-loop factor unless trQ X is quite large. In type I models, other singlet fields, i.e. moduli fields, also contribute to the 4D Green-Schwarz mechanism and the FI term is induced by their VEVs [3] . Thus, the magnitude of FI term is arbitrary in type I models, while its value of heterotic models is one-loop suppressed compared with M P .
Some fields develop their VEVs along D-flat directions to cancel the FI term, and the anomalous U(1) gauge symmetry is broken around the energy scale ξ 1/2 , e.g. just below M P in heterotic models. Hence this anomalous U(1) gauge symmetry does not remain at low energy scale, although its discrete subsymmetry or the corresponding global symmetry may remain even at low energy scale. However, the anomalous U(1) with non-vanishing FI term would provide with phenomenologically interesting effects. Actually, several applications of the anomalous U(1) have been addressed. One of interesting applications is generation of hierarchical Yukawa couplings by the Froggatt-Nielsen mechanism [4] . We could use higher dimensional couplings as the origin of hierarchical fermion masses and mixing angles, where the ratio ξ 1/2 /M P plays a role in deriving mass ratios and mixing angles like the Cabibbo angle [5] .
Another aspect of the anomalous U(1) is that the anomalous U(1) symmetry breaking induces D-term contributions to soft supersymmetry (SUSY) breaking scalar masses [6] . These D-term contributions are, in general, proportional to U(1) charges and their overall magnitude is of order of other soft SUSY breaking scalar masses. Thus, these D-term contributions become a new source of non-universal sfermion masses. That would be dangerous from the viewpoint of flavor changing neutral currents (FCNCs). On the other hand, a type of SUSY breaking and its mediation mechanism by the anomalous U(1) and FI term has been proposed [7] . (See also Ref. [8] .) In this type of scenarios, D-term contributions can be much larger than other soft scalar masses and gaugino masses. For example, in the case that only the top quark has vanishing U(1) charge, stop and gaugino masses can be O(100) GeV and the other sfermion masses can be O(10) TeV. This type of sparticle spectra can satisfy FCNC constraints as well as the naturalness problem, and actually that corresponds to the decoupling solution for the SUSY flavor problem [9] . However, with this type of spectra, we must be carful about two-loop renormalization group effects on stop masses, which could become tachyonic [10] .
Also, the FI term plays a role in the so-called D-term inflation scenario [11, 12, 13] . Other interesting aspects have been studied in models with the anomalous U(1) and nonvanishing FI term.
In addition to these 4D models which have been studied several years ago, recently 5D S 1 /Z 2 models with the FI term were studied and interesting aspects were shown [14] - [23] . The S 1 /Z 2 extra dimension with the radius R has two fixed points, which we denote y = 0 and πR. In general, we can put two independent FI terms on these two fixed points, i.e. ξ 0 and ξ π . In Ref. [14] , SUSY breaking in bulk was discussed by the FI term. In Ref. [15, 16, 17] , zero-mode wave-function profiles have been studied and their profiles depend on U(1) charges. Then, hierarchical Yukawa couplings have been derived [16, 17] . In these models, the scalar field Σ in the U(1) vector multiplet (in the words of 5D N = 1 SUSY ) plays an important role. In particular, bulk field profiles have been studied systematically in Ref. [18] , which considered the models that the sum of the FI coefficients vanishes, i.e. ξ 0 + ξ π = 0. That corresponds to vanishing FI term in 4D effective theory.
The interesting aspects mentioned above in 4D models can happen for non-vanishing FI terms. Therefore, here we extend analysis of Ref. [18] into the case with ξ 0 + ξ π = 0. Actually, the SUSY breaking model of Ref. [14] and the Yukawa hierarchy model of Ref. [16] have the FI terms like ξ 0 = 0 and ξ π = 0. Thus, our analysis includes those results. We study systematically the VEV of Σ in generic case that ξ 0 and ξ π are independent each other. Then we consider bulk field profiles. That would be useful for further applications.
In this paper we study the VEV of Σ with generic values of ξ 0 and ξ π , and consider zeromode wave-function profiles under non-trivial VEV of Σ in bulk. We will also study mass eigenvalues and profiles of higher modes. In addition, we will consider an application on SUSY breaking and examine implication of D-term contributions to SUSY breaking scalar masses. This paper is organized as follows. In section 2, we study systematically along which direction VEVs are developed in models with generic values of FI-terms. Also we consider the zero-mode profiles of bulk fields under non-trivial VEV of Σ as well as profiles and mass eigenvalues of higher modes. In section 3, as an example of application we give a toy model for SUSY breaking and discuss implication of D-term contributions to SUSY breaking scalar masses. Section 4 is devoted to conclusion and discussions. In Appendix, we investigate profiles and mass eigenvalues of higher modes.
5D model with FI term

Setup
We consider 5D SUSY model on M 4 × S 1 /Z 2 . Because of orbifolding, SUSY is broken into N=1 SUSY in terminology of 4D theory. Our model includes a U(1) vector multiplet and charged hypermultiplets in bulk. The 5D vector multiplet consists of a 5D vector field A M , gaugino fields λ ± , a real scalar field Σ and a triplet of auxiliary fields D a . Their Z 2 parities are assigned in a way consistent with 4D N=1 SUSY and U(1) symmetry [14] . For example, the Z 2 parity of Σ field as well as A 5 is assigned as odd. A 5D hypermultiplet consists of two complex scalar fields Φ ± and their 4D superpartners as well as their auxiliary fields. The fields Φ ± have Z 2 parities ± and U(1) charge of the Z 2 even field Φ + is denoted by q, while the corresponding Z 2 odd field has the U(1) charge −q. Z 2 odd fields should vanish at the fixed points, e.g.
The first derivatives of Z 2 even fields along y should vanish at the fixed points, e.g.
In addition to these bulk fields, our model includes brane fields, i.e. 4D N = 1 chiral multiplets on the two fixed points, and their scalar components are written as φ I (I = 0, π), where I denotes two fixed points. Their U(1) charges are denoted by q I . At the first stage, we do not consider any superpotential on the fixed points. Furthermore, we consider the following FI terms on the fixed points:
Here we just assume these FI terms. Our analysis is purely classical. One-loop calculations have been done to show the FI terms are generated at the loop level in Ref. [20] - [23] . § For one-loop generated FI terms, the sum of FI coefficients ξ 0 + ξ π is proportional to the sum of U(1) charges. Thus, in the case with ξ 0 + ξ π = 0 we have anomaly, although such case corresponds to the 4D models mentioned in Introduction and we are interested in such case. It is not clear that some singlet fields (brane/bulk moduli fields) may transform non-trivially under U(1) transformation to cancel anomaly and may generate FI terms like Eqs. (1) and (2) .
Moreover, in what follows we will discuss non-trivial profiles of bulk fields and such profiles might change one-loop calculations of FI term from the case with trivial profiles. Thus, let us just assume the above FI terms and study their aspects classically.
Putting all together, the scalar potential terms relevant to our study are written as [14, 15, 18] 
where g is the 5D gauge coupling, which is related with g 4 as g 2 = 2πRg . We have taken vanishing bulk mass m Φ = 0 for Φ ± . The first term corresponds to the D-term and the other terms correspond to the F -terms. Thus, the D-flat direction is written as
§ In Refs. [22, 18, 17] it was shown that the one-loop generated FI terms include the second derivative of delta-functions, δ ′′ (y) and δ ′′ (y − πR) as well as delta-function form like Eq. (5). Here we do not consider such FI term, but we can extend our analysis into the case with δ ′′ (y) and δ ′′ (y − πR).
and the F -flat direction satisfies
It is convenient that we integrate Eq. (7) and the D-flat condition is written as
Here we have used the boundary conditions of Σ(y), i.e. Σ(0) = Σ(πR) = 0. Hereafter we treat the sign of the U(1) charges q and q I such that ξ 0 + ξ π ≥ 0. We also denote the ratio of ξ π to ξ 0 as r π 0 = ξ π /ξ 0 . One of important aspects is that when Σ develops its VEV, that generates bulk masses of bulk matter fields. When SUSY is not broken, the profiles of zero modes of Z 2 even fields Φ + satisfy the following equation,
that is, the profiles are written as
Fermionic superpartners also have the same profiles as their scalar fields (12) . If SUSY is broken and SUSY breaking scalar masses are induced, zero-mode profiles of bulk scalar components would change, but fermionic components do not change their profiles from Eq. (12) . Furthermore, if SUSY breaking scalar masses are constant in bulk, zero-modes profiles of scalar components are not changed, but scalar mass eigenvalues are shifted from zero by SUSY breaking scalar masses. Thus, the VEV of Σ is important. In the following subsections, we study the VEV of Σ and zero-mode profiles as well as higher modes systematically.
VEV of Σ and shape of zero-modes
First we consider the VEV of Z 2 odd bulk fields Φ − in the SUSY vacuum. The F -flat condition requires the VEV of Φ − satisfy the following equation,
However, the Z 2 odd bulk fields should satisfy the boundary condition, Φ − (0) = 0. That implies that Φ − (y) vanishes everywhere unless Σ has a singularity. Thus, we will consider vacua with Φ − (y) = 0 in the unbroken SUSY case. Also for the broken SUSY case in section 2.2.1, we will first consider the direction along Φ − (y) = 0, and then we will discuss whether or not such direction induces tachyonic masses for the first excited mode of Z 2 odd bulk fields. Note that the zero-modes of Z 2 odd bulk fields are projected out. The first excited mode has a KK mass (e.g. of O(1/R)). If negative D-term contributions to SUSY breaking scalar (masses) 2 have larger absolute value than such KK (mass) 2 , Z 2 odd bulk fields could also develop their VEVs. However, we will show such first excited modes of Φ − have non-tachyonic mass in the following section. Thus, the vacuum with Φ − (y) = 0, which will be studied in section 2.2.1, corresponds to a local minimum.
Case with
First we consider the case that only Σ develops its VEV. This situation can be realized when q > 0 and q I > 0 for all of bulk and brane fields except Z 2 odd bulk fields. Varying Σ, we obtain the minimization condition, ∂ 2 y Σ − ∂ y ξ(y) = 0. Its solution is obtained as
Since Σ is the Z 2 odd field, it should satisfy the boundary condition, Σ(0) = Σ(πR) = 0. The integral constant C is obtained by the following equation:
The left hand side should vanish because of the boundary condition of Σ. Thus we obtain
The VEV Σ itself is written as
in the region 0 ≤ y ≤ πR, where the function sgn(y) is defined as sgn(y) = −1, 0, 1 for y < 0, y = 0 and y > 0, respectively. The case with ξ 0 = 0 and ξ π = 0 was discussed in Ref. [14] , and the case with ξ 0 + ξ π = 0 was studied in Ref. [18] . Thus, the above case includes these previous models.
Only with this VEV of Σ, we have the vacuum energy
Thus, SUSY is, in general, broken. However, in the case with ξ 0 + ξ π = 0, we have C = 0 and SUSY is unbroken. It is notable that even in the broken SUSY case the vacuum energy is constant along the y direction.
With the above VEV (17), we consider the profile of bulk fields. As we will show in Eq. (24), even for the case with C = 0, SUSY breaking scalar masses are constant along the y direction. Thus, using Eq. (12), we can write the profiles of both bosonic and fermionic zero-modes of Z 2 even bulk field,
in the region 0 ≤ y ≤ πR, where A is a suitable normalization factor, although scalar masses are shifted from zero by D-term contributions. The former profile (19) was obtained already in Ref. [15, 18] , and their several aspects were discussed in Ref. [18] . The latter profile (20) is a new result. Actually this profile is interesting. This form is the Gaussian profile which is localized at
These profiles are shown in Fig. 1 . Note that we are considering the case with q > 0 for all of Z 2 even bulk fields. This localization point is independent of U(1) charges, that is, all of zero modes are localized at the same point. For example, if ξ 0 = ξ π , all of zero modes are localized at the point y = (πR)/2. In some models the localization point may be out of the region [0, πR] and in such case we see only a tail part of the Gaussian profile. Even in the very large FI limit, i.e. ξ 0 , ξ π → ∞, their ratio ξ 0 /(ξ 0 + ξ π ) can be finite. On the other hand, the width of the Gaussian profile depends on U(1) charges q. That would be useful e.g. to derive hierarchical couplings by wave-function overlapping.
If we include non-vanishing bulk mass m Φ , the zero-modes become localized at different points each other. For example, the term |∂ y Φ + − gqΣΦ + | 2 in the scalar potential (6) changes as
when we introduce non-vanishing bulk mass m Φ . That corresponds to the constant shift of Σ by m Φ /gq. Then, the localization points of Gaussian profiles depend on values of m Φ . Hereafter, we take m Φ = 0, but the following discussions and results can be simply extended into the case with non-vanishing m Φ in a way similar to the above constant shift of Σ . The scalar zero-mode has SUSY breaking scalar mass term due to non-vanishing D-term in bulk
and that is constant along the y direction, as said above. Namely, the scalar zero-mode has the following mass
Note that this D-term contribution is positive for the present case with q > 0. Similarly, the brane fields on both branes have the D-term contribution to SUSY breaking scalar mass
This D-term contribution is also positive for the present case with q I > 0. There is no zeromode with tachyonic mass. Note that the overall magnitude of D-term contributions to scalar masses are universal up to U(1) charges in bulk and both branes. This point will be considered in section 3, again.
Next we discuss profiles and mass eigenvalues of the scalar higher modes Φ ± . From the potential (6) we have the Φ ± square term after Σ develops a VEV Σ . It is written as
where
The eigenvalues of the operator ∆ ± correspond to the KK spectrum of Φ ± . Note that the term ± (ξ(y) − ∂ y Σ ) gq|Φ ± | 2 is the SUSY breaking scalar mass term. Namely, we have to solve the following equation,
In Appendix, its solutions are analyzed. In this section, we show only results. The case with ξ 0 + ξ π = 0, i.e. C = 0, was discussed in Ref. [18] . (See also Appendix.) Their (mass) 2 spectrum is obtained for Z 2 even and odd fields as
For the case with C = 0, the KK spectrum √ λ k /M up to the 30th excited mode is shown in Fig. 3 of Appendix, where M is a representative scale of FI terms. From the figure, in the case r π 0 = 0 we see m
and in the case r π 0 = 1, we obtain for Φ
all with the fixed parameters
. The case with k ≪ RM is rather nontrivial because λ k is linear in k and it does not depend on R, the size of extra dimension. This behavior can be understood from the following explanation. Eq. (77) is Hermite's differential equation (harmonic oscillator) for R → ∞. Thus, for k ≪ RM we have the spectrum like a harmonic oscillator. On the other hand, when λ is large compared with gξ 0 /R and gC, the term with ∂ yΦ± in Eq. (77) can be neglected. Thus, we would have λ ∼ (k/R) 2 . We also note that the first excited mode (k = 1) of Φ − does not become tachyonic because
from Eqs. (29) and (30) . Thus, the above vacuum is a local minimum. The SUSY breaking scalar mass terms are constants along the y direction. Hence, fermionic higher modes corresponding to Φ ± have the same profiles as their scalar partners. In Eqs. (29) and (30), the terms ±M 2 /(2π 2 ) and ±M 2 /(π 2 ) are the contributions from the SUSY breaking scalar masses, respectively. The corresponding fermionic modes do not have such contributions, that is, for example, for both r π 0 = 0 and 1, we have
On the other hand, in the case that C is small compared with ξ 0 /R, we can consider that the term with C in Eq. (72) is a perturbation from the case with C = 0. For example, the model which will be discussed in section 3 would correspond to such a case. In the first order of such perturbation, (mass) 2 eigenvalues λ k are shifted from (28) as
Note that for Φ − the first order perturbation in C exactly cancels the D-term contribution (24) . There is no tachyonic mode for Φ − . The mass eigenvalues of the corresponding fermionic modes are obtained by adding ±gqC for Φ ± .
So far, we have considered the case with q > 0 and q I > 0 for all of brane fields and Z 2 even bulk fields, and in such case only Σ develops its VEV. Here we consider another case that there is a brane field with the charge satisfying q I < 0. In this case, such brane field develops its VEV along the D-flat direction and U(1) is broken. Our analysis does not depend on which brane the field with the charge q I < 0 lives on. For concreteness, we assign such brane field lives on the y = 0 brane. The D-flat condition is satisfied with the following VEV,
Now it is convenient to define the effective FI term, 
Since we assume no superpotential for φ 0 , SUSY is unbroken along this direction. The zero-mode profile of Z 2 even bulk field is obtained by replacing ξ(y) by ξ ′ (y) in Eq. (19), i.e. Φ
This is effectively the same as the case that was studied systematically in Ref. [18] . Mass eigenvalues and wave-function profiles of higher modes are the same as the case with C = 0 in section 2.2.1 except replacing ξ by ξ ′ , that is, (mass) 2 eigenvalues are obtained as
If there is a Z 2 even bulk field with the charge satisfying q < 0, such bulk field can also develop its VEV along flat direction. Here we consider the case that Σ and the bulk field Φ + with the charge q < 0 develop their VEVs. In this case, the D-flat and F -flat conditions are written as
We multiply Σ ( Φ * + ) with the former (latter) equation and compare them, such that we obtain
We integrate this equation and substitute the result into Eq. (39), and then we find the following form of function is the solution of
Moreover, we substitute this form of |Φ + | into Eq. (39), and then we obtain
Actually, this form of solution (41) and (42) was already obtained in Ref. [16] for the case with ξ 0 = 0 and ξ π = 0. The flat direction (41) and (42) is its simple extension to the case with generic values of ξ 0 and ξ π . Along this direction, SUSY is unbroken, but U(1) is broken. Here Eq. (38) requires the constants satisfy
The boundary conditions at y = 0 and πR require more, that is, the boundary condition, ∂ y Φ + (0) = Σ(0) = 0 requires b = c π , and the same boundary condition for y = πR requires
where m is an integer. We combine the latter equation in (43) and Eq. (44), so as to obtain further equation for the constant a and its solution is obtained
Recall that only the bulk field with the charge q < 0 can develop the above VEV. Thus, the inside of the square root is always positive.
Moreover we have to require the VEVs Φ + and Σ be not singular in the region 0 < y < πR. That implies that the singular point y = (nπ + π/2 − c 0 )/a, where n is any integer, should not be in the region 0 < y < πR. The VEVs of Eqs. (41) and (42) are shown in Fig. 2 . Now let us discuss the zero-mode profile of bulk field with the charge q ′ , which has opposite sign to the charge q, i.e. 
Next, we would like to study profiles and mass eigenvalues of higher modes. Some analyses are given in the last part of Appendix. Here we show the simple case that argument value inside the tan function in (42) is small enough, such that we can approximate Eq. (42) as
where we have taken m = 0. This VEV is exactly the same as Eq. (17) . Note that in the present case SUSY is unbroken. Actually, the VEV of Φ + (41) is approximated as
at the same level of approximation as Eq. (47). That cancels the VEV Σ . Thus, mass eigenvalues and profiles of higher modes are obtained in the same way as in section 2.2.1, but in this case there is no SUSY breaking scalar mass terms. Namely, both bosonic and fermionic modes have the same spectrum, e.g. Eq. (31).
SUSY breaking from boundary
So far, we have studied VEVs and zero-mode profiles systematically in the cases with generic values of ξ 0 and ξ π . In any case, bulk fields have non-trivial profiles depending on their U(1) charges. That would be useful e.g. to explain hierarchical couplings like Ref. [16, 17] . For such purpose, in Ref. [16] zero-mode profiles under the VEV (42) in section 2.2.3 were used and in ref. [17] zero-mode profiles (19) were used. The profile (20) would also be useful. For example, if bulk fermionic fields have their profiles as Eq. (20) and the Higgs field live on the y = 0 brane, then the suppression factors to Yukawa couplings due to wave-function overlapping are obtained as
between the bulk fields with charge q i and q j . Of course, other setups would be allowed. The Higgs fields and the top quark may live on the y = πR brane or they may be put in bulk. However, recall that this profile is obtained for the SUSY breaking case in section 2.2.1. Its breaking scale is O((g(ξ 0 + ξ π )/R) 1/2 ). Even when there are gaugino fields other than U(1) in bulk, their gaugino fields do not gain masses at tree level. That is not realistic. Actually, in any scenario we have to consider SUSY breaking and its effects. Hence in this section we discuss such topic. In section 3.1 we consider a toy model for SUSY breaking, which is the 5D simple extension of the 4D models studied in Ref. [7] . In section 3.2, we extend analysis of D-term contributions in 4D models in Ref. [6] into our 5D case.
SUSY breaking only by the brane field
Our starting point is almost the same as section 2.2.2. We consider the case that all the bulk fields have positive U(1) charges and all of the brane fields also have positive charges, but only one brane field χ 0 at y = 0 has the negative U(1) charge. Here we normalize such field has the U(1) charge, q χ 0 = −1. If this brane field has no superpotential on the brane, there is a SUSY flat direction studied in section 2.2.2, i.e.
Along this direction U(1) is broken, although SUSY is unbroken.
Here we assume the mass term of χ 0 in the superpotential as
where χ ′ 0 is the brane field on y = 0 and has the U(1) charge q χ ′ 0 = 1. This type of mass terms can be generated by dynamics on the brane as discussed for 4D models in Ref. [7, 8] . In this case, the dynamical generated mass can also have a U(1) charge and other types of U(1) charge assignment for χ ′ 0 are possible. Alternatively, we could write a mass term only by χ 0 itself. For simplicity of our toy model, we take the above mass term and charge assignment.
With this mass term, SUSY is broken. Suppose that the field χ 0 develops its VEV χ 0 = v. Then the analysis in section 2.2.1 implies that the scalar potential V is minimized by the following VEV of Σ
where C = −(ξ 0 − gv 2 + ξ π )/(2πR). The 4D scalar potential with the above brane mass term (51) is written as
Minimizing this potential, we obtain v as
With this VEV, SUSY breaking parameters are obtained
Note that this F -term is induced only on the y = 0 brane.
With this VEV of Σ, the fermionic zero-mode as well as the corresponding bosonic mode has the following profile,
That is the Gaussian profile. In a way similar to section 2.2.1, profiles of higher modes as well as their mass eigenvalues are obtained. Suppose again that the Higgs field lives on the y = 0 brane. Then the suppression factors to Yukawa couplings due to wave-function overlapping are obtained as
between the bulk fields with charge q i and q j . This form is the same as one obtained from the Froggatt-Nielsen mechanism, although the mechanism is totally different. For example, we assume that the top quark lives on the y = 0 brane and has no U(1) charge. Then the top Yukawa coupling would be large. In this vacuum, SUSY is broken and SUSY breaking terms are induced by non-vanishing D-term and F -term. All of the bulk gaugino masses are induced by
where Λ is the cut-off scale, that is, the zero-mode gaugino mass M λ 0 is induced as
On the other hand, the bulk field with charge q has SUSY breaking scalar mass due to nonvanishing D-term as m
The brane field also has the same D-term contribution to the SUSY breaking scalar mass m
Here the VEV of Σ field plays a role to mediate SUSY breaking to bulk fields and brane fields on the other brane as D-term contributions to SUSY breaking scalar masses.
In addition, the brane field on the y = 0 brane has the contact term
which also induces the following contribution to scalar masses
Similarly, the bulk scalar fields with vanishing U(1) charge has the scalar mass m 2 Φ ∼ m 2 v 2 /(RΛ 3 ) from the y = 0 brane.
In the case with R = O(1/Λ), we have the following ratio,
where ε = v/Λ. For example, the case with m = O(10) TeV and ε = O(0.1) would lead to the spectrum corresponding to the decoupling solution for the SUSY flavor problem. If R is larger than O(1/Λ), we would have much smaller gaugino masses than scalar masses. When RΛ > O(10), it would be unnatural to assign the top quark with the bulk field or the brane field on the y = 0 brane, because the stop mass would be very large compared with the gaugino masses. A way to avoid such unnaturalness would be to assign that the Higgs fields and the top quark with the brane field on the y = πR and assume that they have vanishing U(1) charge. Thus, at the tree level the stop mass vanishes and that is the spectrum similar to the gaugino mediation [24] only for the stop and gaugino, although other sfermions have quite large masses due to D-term contributions. For the stop mass, the contribution due to anomaly mediation would be dominant at the cutoff scale [25] . Also, note that there are many Kaluza-Klein modes below the cutoff scale in the case with RΛ > O(10). Thus, for such case radiative corrections from Kaluza-Klein modes to the gauge couplings [26] , Yukawa couplings [27] and SUSY breaking terms [28, 29] may be important. Here we do not study its detail, because that is not our purpose. Our purpose with this toy model in this section is to show SUSY breaking effects in the flavor mechanism to generate Yukawa hierarchy by VEV of Σ.
We have D-term contribution to scalar masses like 4D theory. One of important points is that D-term is constant along the y-direction in our toy model. Therefore, bulk fields and brane fields on both branes have the same effects. For this point, the field Σ plays a role. Its VEV, in particular ∂ y Σ , levels (dilutes universally) the localized D-term in bulk. That is the reason why D-term contribution appears everywhere in bulk. Then, D-term contributions, in general, generate flavor-dependency in sfermion masses everywhere in bulk and on both branes when matter fields have different U(1) charges. That is dangerous from the viewpoint of FCNC experiments like 4D models unless D-term contributions are quite large or suppressed compared with gaugino masses. We can change the brane field χ ′ 0 by a bulk field. Then we have the same result. As another scenario, we can use the bulk field instead of χ 0 , assuming the mass term superpotential only on the y = 0 brane. We can consider more complicated models, e.g. the model with two U(1)s and their FI terms. Such cases would be studied elsewhere in order to derive interesting aspects, e.g. realistic Yukawa couplings and sparticle spectra.
D-term contribution in 5D model
So far, we have assumed that the superpotential (51) breaks SUSY with a combination effect of the FI terms. Here we give a comment on other cases without such specific superpotential. Under the same setup except the superpotential (51), we assume that SUSY is softly broken and SUSY breaking scalar mass of χ 0 is induced as m χ 0 . Through this SUSY breaking, gaugino masses and soft scalar masses of other fields can be induced. In this case, the previous discussion holds same except replacing m by m χ 0 . The Σ field has a non-trivial VEV as Eq. (56), and the fermionic zero mode of bulk field has a non-trivial profile as Eq. (58). Furthermore, bulk fields with charge q and brane fields with charge q I on both branes have D-term contributions to scalar masses as m
respectively. Again, the VEV of Σ field plays a role to induce D-term contributions to SUSY breaking scalar masses for bulk fields and brane fields on the other brane. If m χ 0 is of order of gaugino masses, we have the SUSY flavor problem. Such D-term contributions must be suppressed compared with gaugino masses [32] , or alternatively those must be quite larger to realize the decoupling solution.
Conclusion and discussion
We have considered VEVs of Σ and brane/bulk fields in the 5D model with generic FI terms. The non-trivial VEV of Σ generates bulk mass terms for U(1) charged fields and their zeromodes have non-trivial profiles. In particular, in the SUSY breaking case, fermionic zero modes as well as corresponding bosonic modes have Gaussian profiles. Also in other cases, bulk fields have non-trivial profiles. We also study profiles and mass eigenvalues of higher modes. Such non-trivial profiles would be useful to explain hierarchical couplings. A toy model for SUSY breaking has been studied. Sizable D-term contributions to scalar masses have obtained.
The overall magnitude of D-term contributions are same everywhere in bulk and also on both branes. We have to take into account these D-term contributions and other SUSY breaking terms for a realistic scenario to explain Yukawa hierarchy.
Our analysis is pure classical. Actually one-loop calculations were done to show the FI term is generated at the loop-level. In generic case, U(1) is anomalous. For quantum consistency, we would need anomaly cancellation by the Green-Schwarz mechanism and/or the Chern-Simons term. For the former, brane/bulk singlet (moduli) fields might be transformed as Eq. (1) such that the Green-Schwarz mechanism work. However, it is not clear. For the latter, the SUSY Chern-Simons term includes the term ΣF M N F M N [15] . (See also Refs. [30, 31] .) Thus, a nontrivial VEV of Σ might change the gauge coupling in bulk and/or brane, although in most of case U(1) is broken.
Nontrivial profiles of bulk fields due to Σ might generate FI-terms at one-loop level, which is different from the one generated in the case with Σ = 0. For example, in the case with Σ = 0, the bulk field contributes both to ξ 0 and ξ π by the same weight [22, 18, 17] . However, suppose the extreme case that a non-trivial VEV Σ makes the profile of bulk field localized completely on the y = 0 brane. Then such bulk field might contribute to the FI coefficient only on the y = 0 brane. We would study this type of consistency elsewhere.
Also one-loop calculations show that FI-terms can include second derivatives of delta functions, δ ′′ (y) and δ ′′ (y − πR) [22, 18, 17] . Such term changes drastically the behavior of profiles on the branes [18] . We can extend our analysis into the case including second derivatives of delta functions.
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Appendix: Higher modes
Here we study in detail profiles and mass eigenvalues of higher modes with the non-trivial VEV of Σ, which is obtained in section 2.2.1 as well as 2.2.3.
Case with
First we study the case of section 2.2.1. From the potential (6) we have the Φ ± square term after Σ develops the VEV Σ . It is written as
The eigenvalues of the operator ∆ ± correspond to the KK spectrum of Φ ± .
We solve the eigenvalue equation
where λ is the eigenvalue of the operator ∆ ± . Following [18] we redefine Φ ± as
and put this into Eq. (68) which results in the eigenvalue equation for Φ ±
with the boundary conditions
The VEVs ∂ y Σ and Σ are given by Eqs. (14) and (17) respectively. In the bulk (0 < y < πR) eigenvalue equation (70) becomes
In the case with ξ 0 + ξ π = C = 0, Eq. (72) has been solved already in Ref. [18] . (Mass) 2 eigenvalues λ k and wave-functions of higher modes for Z 2 even bulk fields are obtained
up to normalization, where
Z 2 odd bulk fields have the same (mass) 2 eigenvalues λ k and the corresponding wave-functions are obtained asΦ
up to normalization. In the case with ξ 0 + ξ π = C = 0, the differential equation (72) can be simplified as
where z = (Cy +
. The boundary condition (71) becomes as
. By parameterizing
where I = (0, π), l ξ I is the dimensionless parameter and M is a representative scale for FI terms, we obtain the boundary parameters z 0 and z π as
where f ± 1 and f ± 2 are arbitrary constants and
Here, F (a ; b ; c) is the Kummer's hypergeometric function. Requiring that both of f
can not be zero at the same time with the boundary condition (78), the following equations should be satisfied:
These determine the eigenvalue ν which also gives λ. We numerically solve Eq. (84) and estimate the eigenvalue for the typical case which is shown in Fig. 3 . From the figure, in the case r π 0 = 0 we see m
and in the case r π 0 = 1, we obtain for Φ ±
all with the fixed parameter
. The case with k ≪ RM is rather nontrivial because λ k is linear in k and it does not depend on R, the size of extra dimension. This behavior can be understood from the following explanation. Eq. (77) is Hermite's differential equation (harmonic oscillator) for R → ∞. Thus, we have the spectrum like a harmonic oscillator for k ≪ RM. On the other hand, when λ is large compared with gξ 0 /R and gC, the term with ∂ yΦ± in Eq. (72) can be neglected. Thus, we would have λ ∼ (k/R) 2 . From the spectrum we can also derive the wave-function profile of Φ ± . This is shown in Figs. 4 and 5. The figures tell us that the higher modes of Φ + ( Φ − ) localize toward (against) the brane(s) with non-zero FI-term(s). By fixing all the parameters except for q in z 0 and z π we also find that the localization profile becomes sharp as the charge q increases.
Case with Σ , Φ + = 0 (
Next we analyze the case with q < 0 for only one bulk field Φ + as studied in section 2.2.3. We consider an another bulk field Φ 
The eigenvalues of the operator ∆ ± correspond to the KK spectrum of Φ ′ ± . We solve the same eigenvalue equation as (68). The VEVs ∂ y Σ and Σ in ∆ ± are derived from Eqs. (38), (41) and (42). By defining z ≡ tan(ay + b + c 0 ), in the bulk (0 < y < πR) the eigenvalue equation becomes
where n ± (n ± + 1) = q ′ (q ′ ± q)/q 2 and ν ± = λ/a 2 ± q ′ /q + n ± (n ± + 1). Thus we obtain
where P ν n (x) (Q ν n (x)) is the first (second) class associated Legendre function. A ± and B ± are constants. The mass eigenvalue λ can be obtained by requiring that both of A ± and B ± can not be zero at the same time with the boundary conditions in a way similar to the previous case. 
